Abstract. The purpose of this study was to develop simulation and modeling methods for the evaluation of pharmacokinetics when intestinal influx and efflux transporters are involved in gastrointestinal absorption. The advanced compartmental absorption and transit (ACAT) model as part of the computer program GastroPlus™ was used to simulate the absorption and pharmacokinetics of valacyclovir, gabapentin, and talinolol. Each of these drugs is a substrate for an influx or efflux transporter and all show nonlinear dose dependence within the normal therapeutic range. These simulations incorporated the experimentally derived gastrointestinal distributions of transporter expression levels for oligopeptide transporters PepT1 and HPT1 (valacyclovir); System L-amino acid transporter LAT2 and organic cation transporter OCTN1 (gabapentin); and organic anion transporter (OATP1A2) and P-glycoprotein (talinolol). By assuming a uniform distribution of oligopeptide transporter and by application of the in vitro K m value for valacyclovir, the simulations accurately reproduced the experimental nonlinear dose dependence. For gabapentin, LAT2 distribution produced simulation results that were much more accurate than OCTN1 distributions. For talinolol, an influx transporter distribution for OATP1A2 and the efflux transporter P-glycoprotein distributed with increasing expression in the distal small intestine produced the best results. The physiological characteristics of the small and large intestines used in the ACAT model were able to accurately account for the positional and temporal changes in concentration and carrier-mediated transport of the three drugs included in this study. The ACAT model reproduced the nonlinear dose dependence for each of these drugs.
INTRODUCTION
Many drug molecules are substrates for carrier-mediated intestinal transport, and there have been many reviews of drug interaction with the ATP-binding cassette (ABC) superfamily and the solute carrier (SLC) superfamily of transporters in the literature (1) (2) (3) (4) (5) (6) (7) . At the apical membrane of enterocytes, the ABC transporters primarily result in efflux, while the SLC transporters facilitate influx. On the basolateral membrane, some members of the SLC family exhibit bidirectional transport. All of these transporters are thought to have evolved in order to facilitate absorption of hydrophilic nutrients that could not be well absorbed by a passive mechanism and to protect the animal or human from potentially poisonous hydrophobic xenobiotic molecules. Classification of drug molecules on the basis of metabolism and transport resulted in the development of a Biopharmaceutics Drug Disposition Classification System where highly metabolized (generally hydrophobic) molecules are assigned to class II and hydrophilic molecules that are excreted renally and in many cases are substrates for endogenous transporters are assigned to class III (8) .
Transporters also play an important role in distribution and elimination. Vectorial drug transport from blood to bile through the liver has been studied and modeled using simulation methods (9) (10) (11) . These models included transporters in the basolateral membrane and in the cannilicular membrane. Finally, the study of drug interaction with transporters using simulation methods can help address a topic of growing concern to the US FDA: drug-drug interactions mediated by molecules competing for transporter sites (12, 13) .
Modeling and simulation have played a significant role in our understanding of the dynamics of drug interaction with intestinal enzymes and transporters (14) (15) (16) (17) (18) (19) (20) . The first application of Michaelis-Menten kinetics to model absorption was applied to 500-mg oral administration of cefatrizine (21) in which a one-compartment model for comparison of absorption by first-order, zero-order, or Michaelis-Menten kinetics was applied. Those authors concluded that the Michaelis-Menten simulations provided a statistically significant improvement in the optimized fit to in vivo data with a K m value of 2.4 μM. Sinko and Amidon (22) used in situ rat single-pass perfusion to measure the K m for cefatrizine at 600 μM. This value of K m was applied to accurately simulate the nonlinear dose dependence of three doses of cefatrizine using a model based on seven small intestine compartments (14) .
Critical to accurate simulation of drug interactions with intestinal transporters is the knowledge of the regional distributions of transporter expression in the intestinal tract. Several groups have now used reverse-transcriptase polymerase chain reaction (RT-PCR) to measure the regional expression of messenger RNA (mRNA) specific for intestinal transporters (23) (24) (25) (26) . These studies are the foundation of our ability to simulate the nonlinear dose dependence for substrates of intestinal transporters. Our previous work with talinolol and the advanced compartmental absorption and transit (ACAT) simulations described here represent the first demonstrations of gastrointestinal simulation for saturable processes involving influx and efflux transporters using experimental regional distributions of transporters. It should be noted that very few experimental distributions of transporter expression have been verified by quantitation of protein rather than mRNA. For this study, the human distribution of P-glycoprotein is the only transporter for which protein expression has been measured. Although the authors are aware that mRNA levels do not always quantitatively predict protein expression levels, in the absence of additional data, we have assumed that mRNA levels reasonably well reflect the local expression of transporters and can be used for these simulations.
For this study, two substrates for influx transport (valacycovir and gabapentin) and one substrate for both influx and efflux transporters (talinolol) were selected. The substrates for influx transporters exhibit decreasing bioavailability with increasing dose due to saturation of PepT1, HPT1, or LAT2. Talinolol is a substrate for the influx transporter Oatp1a5 in rat small intestine, but the K m value is 2 mM, and so it is not likely to saturate at normal therapeutic doses (27) . OATP1A2 is the closest human equivalent to rat Oatp1a5 (28), so equal K m values for rat and human transporters were assumed. 1 Talinolol is also a substrate for an efflux transporter and exhibits greater than proportional increases in area under the curve (AUC) with increasing dose due to saturation of the ATP-binding cassette transporter P-glycoprotein (P-gp). Three groups have reported the intestinal distribution of PepT1 (23) (24) (25) , one group has reported the distribution of HPT1 (24) , two groups have reported the distribution of P-gp (26, 23) , one group has reported the distribution of OCTN1 (25) , one group has reported the distribution of LAT2 (29) , and one group has reported the distribution of OATP1A2 (25) . Each of these regional distributions was employed in GastroPlus simulations to find out which of them would best explain the clinical data for the nonlinear dose dependence of absorption for the different transporter substrates. Another objective was to determine if the K m values from in vitro studies could be used directly in the ACAT simulations. This test provided a strong validation of the physiological accuracy of the ACAT model.
Oligopeptide transporters are known to be expressed preferentially in the proximal intestine (duodenum, jejunum, and ileum), and both valacyclovir and amoxicillin have been shown to be substrates (30) . One group reported very high levels of expression of PepT1 in the duodenum (approximately fivefold higher than jejunum) (24) . Another group reported the highest expression of PepT1 in the ileum (23) , and a third group reported a uniform distribution of PepT1 throughout the small intestine (25) . Another oligopeptide transporter, HPT1, is also reported to be uniformly distributed in the small intestine (24) . This study answers the question: What is the impact on simulation results using these three distributions?
Gabapentin has been reported to be a substrate for two different intestinal transporters (31, 32) . At the apical membrane of the enterocytes, OCTN1 is the predominant transporter, while at the basolateral membrane of the enterocyte, LAT2 is the primary transporter. Simulation methodology answers the question: Which of these two transporters best accounts for the shape of the Cp vs. time profile and the nonlinear in vivo dose dependence?
Talinolol is likely to be a substrate for an influx transporter (OATP1A2) and has also been shown to be a substrate for an efflux transporter (P-gp) both on the apical membrane of the enterocytes (33) . Here, we ask the question: How does the distribution of OATP1A2 and P-gp affect the results and interplay between dose and regional transport?
METHODS

Simulations
Simulations were run on a standard Toshiba Satellite laptop computer with 2.0 Gb of RAM and 1.8-GHz dual core Intel processor using ver. 6.0.0020 of the GastroPlus software.
ACAT Model
The ACAT model in GastroPlus was used to simulate the nonlinear absorption of five oral doses (100 to 1,000 mg) of valacyclovir, four oral doses (400 to 1,600 mg) of gabapentin, and four oral doses of talinolol (25 to 400 mg). The ACAT model compartment volumes, transit times, radii, pH, and lengths are listed in Table I .
The relative physiological distribution of influx transporters PepT1, HPT1, OCTN1, LAT2, OATP1A2, and P-gp are listed in Table II . In all cases except for the P-gp protein expression measured by Mouly et al., the regional distributions represent mRNA expressions quantified by RT-PCR Northern blot analysis [(23) , #2877] (24) (25) (26) . GastroPlus simulations of the nonlinear dose dependence of Cp vs. time profiles for the three studied drugs were compared using these distributions.
Valacyclovir
Valacyclovir is a polar ampholyte prodrug of acyclovir with high solubility and low passive permeability. Its absorption is completely dependent on oligopeptide transporters (34, 30, 35) . Table III lists the biopharmaceutical properties and references used in the simulation of the nonlinear dose dependence.
Dissociation Constants
Valacyclovir is ionized throughout the pH range in the gastrointestinal tract. The molecule has three major sites for ionization (36) . Valacyclovir has high solubility throughout the physiological pH range (1.7-7.5), and our simulations predict it to be rapidly dissolved without precipitation for all five oral doses.
Passive Permeability
The effective permeability of valacyclovir measured in a steady-state uptake procedure in rat was found to be concentration-dependent with a K m =1.2 mM (30) . The permeability of valacyclovir in Caco-2 cells (1.70×10 −6 cm/s) that were transiently transfected with PepT1 (Caco-2/hPepT1 cells) was found to be stereoselective for the L-amino acid and was tenfold more permeable than acyclovir (37) . In addition, the permeability of valacyclovir was five times greater in Caco-2/hPepT1 cells than in Caco-2 cells that were not transfected with PepT1. This implies that the passive transcellular permeability of valacyclovir should be quite low (0.34×10 −6 cm/s) compared with highly permeable molecules like propranolol (26.6×10 −6 cm/s) (38) . Using this ratio and the experimental human jejunal effective permeability (hPeff) of propranolol (2.72×10 −4 cm/s), the passive transcellular hPeff for valacyclovir was estimated to be 0.03×10 −4 cm/s and was used for all simulations.
IV Pharmacokinetics
Valacyclovir is rapidly hydrolyzed both in the lumen of the intestine and in the cytoplasm of the enterocyte. Virtually no valacyclovir (<1%) is detected in the systemic circulation following oral administration (39) . Therefore, the dose in our simulations was adjusted to reflect the milligram quantity of acyclovir that would be found in an equivalent molar quantity of valacyclovir. Pharmacokinetic (PK) parameters were fitted to i.v. plasma concentration-time data using the PKPlus™ module in GastroPlus. We used the fitted values of clearance (CL), volume of central compartment (V c ), and peripheral compartment distribution rate constants (k 12 , k 21 ), along with the reported value for plasma protein binding (fup), as a starting point for optimization of the influx V max for oligopeptide transporter in GastroPlus across all five doses. Plasma concentration vs. time data for acyclovir in humans were obtained from Soul-Lawton et al. (40) for intravenous bolus (350-mg infusion of acyclovir over 1 h) and from Weller et al. (39) for oral doses (100-, 250-, 500-, 750-, and 1,000-mg doses of valacyclovir). a Volume of the small intestinal compartments was calculated as πr 2 L×0.4. This represents the volume of fluid in the compartment volume as 40% of the geometrical volume of the compartment b Volume of the stomach was set at 47 mL in the fasted state and was independent of the length and radius
Lumenal Degradation
The reported mean absolute bioavailability of valacyclovir is 54%, but it is known to be dose-dependent. Presystemic hydrolysis of valacyclovir to acyclovir occurs both in the lumen of the intestine and in the cytoplasm of the enterocytes. Hydrolysis in the lumen of the intestine can be treated as first pass extraction because the acyclovir that is formed in the lumen of the intestine will not be well absorbed and has been found in feces (40) . GastroPlus calculated the rate of lumenal hydrolysis of valacyclovir as a function of pH from a table of observed degradation rates vs. pH (30) . Finally, we applied a fixed first pass extraction of 34% in addition to the lumenal degradation to account for additional presystemic loss of acyclovir in the enterocytes and liver. The fraction unbound in plasma for acyclovir was taken to be 85% (41) .
Simulation of Five Oral Doses
The nonlinear dose dependence for five PO doses of valacyclovir has been reported in healthy human volunteers [(39) , #1234]. The subjects in this study fasted from 8 h before until 4 h after receiving the dose. Each volunteer was fed a standardized meal at 4 and 10 h after each dose. The ability of the GastroPlus simulations to match the observed Cp-time data were compared using three published distributions of intestinal PepT1 and one distribution of HPT1. For each oligopeptide distribution, the in vitro K m was used and the V max for the transporter was optimized simultaneously across all five doses. The value of the square of the coefficient of determination (R 2 ) and the root mean square error (RMSE) of the simulated vs. observed plasma concentration vs. time (Cp vs. time) profile were determined for each distribution of oligopeptide transporter.
Gabapentin
Gabapentin is a hydrophilic amino acid with high solubility and low passive permeability. It is known to be a substrate for OCTN1 (SLC22A4, Na + -independent) in the apical membrane of the enterocytes (31) . It is also a substrate of the System L (SLC7) family of amino acid transporters; LAT1 light chain (with 4F2hc heavy chain, Na + -independent family) in the apical membranes of brain, placenta, and tumors (32, 42) and LAT2 light chain (with 4F2hc heavy chain, Na + -independent family) in the basolateral membrane of the enterocytes (42) . Its absorption is entirely dependent on active transporters (43) . LAT1 and LAT2 are amino acid exchangers with 1:1 stoichiometry: The transporter transfers one amino acid out of the cell and at the same time another amino acid molecule is transported into the cell (44) . Table IV lists the biopharmaceutical properties and references used in the physiologically based pharmacokinetic (PBPK) simulations of the nonlinear dose dependence. Although the K m for the intracellular gabapentin binding site of LAT2 has not been determined, the intracellular sites for other neutral amino acids are in the millimolar range (44) . For this study, we fitted the apparent K m for the intracellular basolateral transporter binding site of gabapentin based on the regional distribution of the LAT2 transporter.
Dissociation Constants
Gabapentin is ionized in the stomach and is zwitterionic at pH values from 6 to 8 throughout the small and large intestines. The molecule has two major sites for ionization: a carboxylic acid (pK a =3.68) and a primary amine (pK a =10.7) (43). Gabapentin has high solubility throughout the physiological pH range (1.7-7.5) (45) and is predicted to be rapidly dissolved without precipitation using all four oral doses in our simulations.
Passive Permeability
The effective permeability of gabapentin was measured using the in situ single-pass intestinal perfusion technique in fasted rats (43) . The contribution of both passive and carriermediated transport was determined. The passive permeability was not significantly different than zero and the active component was saturable and concentration-dependent. Rather than run the gabapentin simulation in GastroPlus without any passive permeability, we decided to use the estimated human jejunal permeability from ADMET Predictor (S+Peff). The estimated value of S+Peff was 0.04×10 −4 cm/s, and this value was used for all gabapentin simulations.
Physiologically Based Pharmacokinetics
Physiologically-based PK was used with a calculated value of V ss using the method of Berezhkovskiy (46) along with the reported value for plasma protein binding (fup= 98%) (31) and logD 7.4 =−1.1 (47) as a starting point for optimization/fitting in GastroPlus across all five doses. Plasma concentration vs. time data in humans for one 400-mg PO solution dose (48) and four tablet PO doses from 400 mg tid up to 1,600 mg tid (49) were obtained. The reported mean absolute bioavailability (F) of the 400-mg PO IR tablet dose was 49% and the F is reported to decrease to 29% at steadystate following a 1,600-mg tid dose (49) . The fraction unbound in plasma used in the simulations was 98% (31) .
The pharmacokinetics of gabapentin following a single 400-mg solution dose (48) and the nonlinear dose dependence of escalating capsule doses from 400 to 1,600 mg tid (49) has been reported. In addition, a recent study compared 600 mg of Neurontin™ tid to an 1,800-mg gastric-retentive extended release formulation (50) . The published distributions of intestinal OCTN1 (25) and intestinal LAT2 (29) were used for the GastroPlus simulations of gabapentin. The RMSE of the simulated vs. observed plasma concentration vs. time (Cp vs. time) profiles were determined for each distribution of transporter.
Talinolol
We have previously reported simulations of the nonlinear dose dependence, pharmacokinetics, and pharmacodynamics for talinolol. This study will compare the accuracy of those simulations with more recently reported distributions of P-gp (15) . The methods for GastroPlus simulations and biopharmaceutical properties for talinolol were reported previously (15) and are repeated briefly here. Key biopharmaceutical properties used in the simulations of talinolol are shown in Table V .
Talinolol is a moderately hydrophobic weak base that is 99.9% cationic at pH=6.5 and has moderate human jejunal permeability. Talinolol also has four instances of a type II pattern of electron donors which has been suggested to be commonly found in substrates of P-gp (51) . It has been suggested that molecules with moderate permeability have the greatest potential to be influenced by the efflux transporters (19) . Molecules with higher permeability are able to diffuse rapidly across the cell membrane and avoid binding to the P-gp substrate binding site. Molecules with lower permeability tend to be too polar for partitioning into the membrane and achieving access to the P-gp binding site. Also, since talinolol is a substrate for the rat Oatp1a5 and most likely a substrate for the human influx transporter OATP1A2, intracellular enterocyte concentrations of talinolol might be higher than if the only influx mechanism was passive, resulting in a greater influence of P-gp in vivo.
RESULTS
Valacyclovir
Valacyclovir is a polar ampholyte with high solubility and low passive permeability. Table VI shows the simulated values for percent absorbed (Fa%) and bioavailability (F%) across all five doses with and without influx transport due to oligopeptide transporters in the apical membrane of the small intestine. The Englund distribution of PepT1 was used to simulate these results. It is clear that the absorption is completely dependent on influx transport since the fraction absorbed in the absence of such transporters is <2%. Also, it can be seen that the fraction absorbed and bioavailability decreases with increasing dose due to saturation of the influx transporter.
Table VII is a comparison of the quality of the fit for each dose when four different oligopeptide distributions were used in the simulations. It is apparent that the approximately uniform distributions of oligopeptide transporter, as observed for the Englund PepT1, Meier PepT1, and Herrera-Ruiz Figure 1a , b shows a comparison of the fits for all five doses using the Englund and the Herrera-Ruiz PepT1 distributions. Figure 2 is a comparison of the observed AUC and the simulated AUC as function of dose for simulations employing the Englund distribution. Simulations employing any other one of the uniform distributions of oligopeptide transporter produce similar results. The Herrera-Ruiz PepT1 distribution has approximately fivefold higher expression in the duodenum and fits the data nicely at the lower doses (100 and 250 mg). However, at the higher doses, saturation of the duodenal transporter results in lower C max values than observed in the clinical data.
Gabapentin
Gabapentin is a polar zwitterion with high solubility and low passive permeability. Table VIII shows the simulated values for bioavailability (F%) across all four doses with and without active transport due to LAT2 (29) or OCTN1 (25) transporters of the small intestine. It is clear that the absorption is almost completely dependent on active transport since the fraction absorbed in the absence of transporters is <6%. Also, it can be seen that regardless which transporter distribution is used, the bioavailability decreases with increasing dose due to saturation of the influx transporter. Figure 3a , b shows the results of nonlinear simulations using two different distributions of the intestinal transporter. The murine LAT2 distribution is highest in the jejunum and four times lower in the ileum with none in the colon and results in a rapid rise in systemic concentration as seen in Fig. 3a . In GastroPlus, if we use the human OCTN1 distribution which is expressed throughout the small and large intestine, we see a delayed T max due to colonic absorption that is absent in the LAT2 distribution.
The improved quality of fit suggests that LAT2 is the rate-determining transport barrier for gabapentin. Although LAT2 is mainly distributed on the basolateral membrane of the enterocyte, we chose to simplify the simulations and allow a direct comparison of the OCTN1 and LAT2 distributions by applying equations with both transporters in the apical membrane of the enterocyte. Our simulations suggest that the LAT2 distribution best explains the shape of the Cp vs. time (Fig. 3a) so that LAT2 transport is the more likely ratelimiting process in absorption of gabapentin.
Talinolol
Talinolol is a hydrophobic secondary amine that is a good substrate for P-gp and shows a nonlinear dose dependence in the normal therapeutic range of doses (52) . Previously, we used GastroPlus to model the nonlinear dose dependence of talinolol and we linked the resulting simulations to a pharmacodynamic model of the heart rate response (15) . At that time, only one publication by Mouly and Paine (26) had described the intestinal distribution of Pgp, which concluded from Western blot gels of P-gp protein that the expression increased from the proximal to distal regions of the small intestine. Englund et al. have since Fig . 3 . a Gabapentin simulations using experimental distributions of expression. Gabapentin was administered to epileptic patients at doses from 400 to 1,600 mg tid. Cp vs. time data was collected after the third dose. a Using the murine LAT2 distribution of transport protein expression (29) . b Using the human OCTN1 distribution of transport protein expression (25) published the intestinal distribution of P-gp mRNA and the expression pattern is reversed, with higher expression in the proximal small intestine (see Table II ). Tang et al. (53, 54) studied Yucatan micropig and determined that the mRNA distribution was higher in the proximal SI, but P-gp protein increased distally from the duodenum to the ileum. We decided to create a GastroPlus model using the Englund distribution to compare with the Mouly distribution that increases aborally. A recent publication reported that talinolol is also a substrate for Oatp1a5 in rats (27) . The closest human transporter to Oatp1a5 is OATP1A2, so we added this transporter to our simulations of the nonlinear dose dependence assuming the K m would be the same as for rat. Table IX presents the simulated bioavailability results for talinolol using both the Mouly and the Englund P-gp distributions, clearly showing better prediction with the Mouly distribution. Figure 4a , b shows predicted Cp-time and AUC vs. dose for talinolol using the Mouly P-gp distribution in the simulations. It can be seen that regardless of which transporter distribution is used, bioavailability increases with increasing dose due to saturation of the efflux transporter. Figure 4a , b shows predicted Cp-time and AUC vs. dose for talinolol using the Mouly P-gp distribution.
DISCUSSION
The application of mechanistic simulations to study the absorption of drugs that are substrates for intestinal transporters reveals several insights that might not be available from in vitro studies of transporter-substrate interactions. By integrating all of the available data on physicochemical and biopharmaceutical properties, simulations provide results that predict both the passive and active components of absorption and they explain the shape of the Cp vs. time profile on the basis of the regional distribution of transporters.
Valacyclovir
In vitro studies of inhibition of valacyclovir permeability suggested that multiple transporters were involved (30) . More recent studies using gene chip analysis of transporter expression in patients being treated with valacyclovir have shown high correlation between HPT1 expression and AUC for valacyclovir (35) . Our simulations show that a uniform distribution of a saturable transporter best explains the observed nonlinear dose dependence for valacyclovir. However, it is not possible to prove that only one transporter is responsible for valacyclovir absorption. Both PepT1 and HP1 have been shown to transport valacyclovir in vitro, but the literature presents conflicting data for the exact regional distribution of these transporters. Our present study suggests that a uniform distribution of an oligopeptide transporter best explains the shape and nonlinear dose dependence of the Cp vs. time profile. In vivo, the regulation of oligopeptide transporter expression is more complex than the picture that emerges from these simulations. Naruhashi et al. (55) demonstrated in rats that starvation induced the expression of PepT1 in the proximal small intestine. In fed rats, the absolute expression was one fifth to one sixth of the levels in the starved condition, and the expression was higher in the distal small intestine. Thus, it is likely that in vivo, the regional distribution of oligopeptide transporters varies depending on the nutritional state.
Gabapentin
Our understanding of gabapentin absorption and amino acid transport in general is still evolving. The System L-amino acid transporters LAT1 and LAT2 are known to exchange large neutral amino acids across the apical and basolateral membranes of epithelial cells in the intestine, brain, placenta, tumors, and kidney (56, 44) . The intracellular binding sites for these two transporters have been shown to have lower affinity for substrates (K m in the high millimolar range) than the extracellular sites (K m in the low millimolar range), but the substrate selectivity of both sites is similar (44) . The role of LAT1 and LAT2 is most likely equilibration of the amino acid distribution across the two membranes, whereas other unidirectional transporters determine the actual net amino acid flux (44) . The recent discovery that OCTN1, located on the apical membrane of the enterocytes, transports gabapentin into the cell, along with the existence of low affinity intracellular LAT2 sites, suggests that high intracellular concentrations of gabapentin are required for saturation. Our simulation results support this conclusion and suggest that gabapentin crosses the apical membrane of the enterocyte rapidly and subsequent transfer to the portal vein is regulated by LAT2.
Talinolol
Our previous simulation studies of talinolol provided a good model for explaining the nonlinear dose dependence of interaction with P-gp (15), but did not include the recent discovery that it is also a substrate for an influx transporter in rats (Oatp1a5) (27) . In that study, we used a distribution of Ppg based on the results from Mouly and Paine (26) . Here, we compared the Mouly distribution of P-gp (increasing in the distal SI) to the Englund distribution (highest P-gp expression in the jejunum) and found again that the Mouly distribution best explains the observed in vivo nonlinear dose dependence. In this study, we added the apical influx transporter OATP1A2 (a close human homolog to rat Oatp1a5) into the simulation. This resulted in a better fit (later T max ) to the shape of the in vivo talinolol Cp vs. time profile due to the relatively high expression of OATP1A2 in the ileum.
Using Caco-2 cell monolayers, Troutman and Thakker (57) found that the apparent K m for P-gp-mediated efflux of digoxin was greater than sixfold larger in the absorptive vs. the secretory direction. For structurally diverse P-gp substrates (acebutolol, colchicine, digoxin, etoposide, methylprednisolone, prednisolone, quinidine, and talinolol), the apparent K m was approximately three to eightfold greater in the absorptive vs. the secretory transport direction. Korjamo et al. (58) studied the passive permeability and active efflux of quinidine and digoxin in Caco-2 cell monolayers with variable degrees of P-gp expression. They found that as the P-gp expression increased; the apparent K m and V max determined from the apical-to-basolateral direction also increased. In addition, the apparent K m value showed a strong inverse relationship to the passive permeability. In contrast, the apparent V max value was maximum at intermediate passive permeability. If P-gp expression is high, intracellular concentrations will be lower than the extracellular concentrations due to faster efflux, resulting in the need for higher extracellular concentrations to achieve half-maximal saturation of the intracellular transporter binding site. This would also account for K m values that are lower when measured from the basolateral-to-apical direction than vice versa. Our simulation results consistently show that the true intracellular K m required to reproduce the experimental nonlinear dose dependence for talinolol (6.3 μM) is lower than the K m measured in vitro from the apical-to-basolateral direction (414 μM) and lower than the K m measured in vitro from the basolateral-to-apical direction (103 μM) (57). Thus, an accurate cellular simulation program may be helpful in converting in vitro experimental results for efflux transporter K m values to values that can be used for in silico prediction of the in vivo consequences during development of drugs that are substrates for efflux transporters.
OCTN1 has low affinity for talinolol (K m =2,000 μM) and would not be saturated even at high lumenal concentrations (1,100 μM for 400-mg dose in duodenum). However, talinolol affinity for P-gp is much higher than for OCTN1, so even when considering the low simulated intracellular enterocyte concentration, saturation does occur and so a simulation incorporating Michaelis-Menten kinetics accurately represents the nonlinear dose dependence for talinolol.
CONCLUSIONS
This study demonstrates the ability of the ACAT model within GastroPlus to simulate the in vivo absorption and pharmacokinetics for substrates of influx and efflux transporters in the small intestine. In some cases (e.g., valacyclovir), the value of K m measured in situ or in vitro can be used directly to accurately reproduce a nonlinear dose dependence. When the experimental value of K m is not known (e.g., gabapentin), simulation results help to indicate which transporter(s) is(are) primarily responsible for carrier-mediated absorption. For substrates of efflux transporters in the small intestine, in vitro values of K m determined by measuring transepithelial transport in the apical-to-basolateral or basolateral-to-apical directions must be corrected to represent the half-maximal concentration for substrate binding to transporter sites inside the enterocyte.
